ABSTRACT The elm spanworm, Ennomos subsignarius Hü bner (Lepidoptera: Geometridae), is an eruptive herbivore that feeds on numerous tree species in forests throughout its range. An unprecedented outbreak in an urban environment in St. JohnÕs, Newfoundland, Canada, caused severe levels of defoliation to a number of native and exotic hardwood tree species, some of which represent novel hosts for this insect. Increased insect performance on these novels hosts was hypothesized as having contributed to the outbreak. To assess this, percentage larval survival and pupal weight were measured for larvae reared on foliage from six different tree species in a no-choice laboratory bioassay. Adult longevity and fecundity (no. eggs laid per female) were assessed for laboratory-reared individuals, as well as for pupae collected from eight different host tree species from the Þeld. A survey to assess feeding occurrence measured defoliation on eight tree species. During this urban outbreak, sycamore maple, Acer pseudoplatanus, a tree species not native to North America, experienced the highest levels of defoliation. Performance of E. subsignarius (pupal weight, female longevity, and fecundity) on this host was comparable with the known host of elm (Ulmus spp.). Despite the fact that E. subsignaria performed well on several introduced hosts, fecundity levels were much lower than previously published reports, suggesting that the current outbreak is not caused by increased fecundity on these novel hosts in contrast to the hypothesis.
The elm spanworm (Ennomos subsignarius Hü bner) is a native species that intermittently causes serious defoliation to shade and forest trees in northeast North America (Fedde 1964) . The elm spanworm overwinters in the egg stage, emerging in early spring to begin feeding on foliage (Fedde 1964) ; unlike some other geometrids, the females are winged and can ßy to new hosts to oviposit their egg masses. At least 20 major outbreaks have occurred in the past century, typically occurring in the northeastern United States (Fedde 1964) . This generalist species is reported to cause growth losses and tree mortality to numerous hardwood species during outbreaks of its populations (Fedde 1964 (Fedde , 1971 Morin et al. 2004) . The collapse or end of an outbreak is typically reported in association with high levels of parasitism by several species of egg parasitoids (Ciesla 1964a; Fedde 1971; Anderson 1972, 1974) . Thus, natural mortality factors may be important in regulating ßuctuations in E. subsignarius populations in forested environments in the northeastern United States.
The role of larval host plant species in the outbreak population dynamics of E. subsignarius is not clear. Generalist species, including numerous defoliating Lepidoptera, are able to complete development on a number of plant genera; however, their performance tends to vary widely depending on larval host plant. This variation may contribute to the outbreak dynamics of these species. For example, host species on which larvae develop can signiÞcantly impact larval growth and survival (Hough and Pimentel 1978 , Wint 1983 , Tikkanen et al. 2000 , pupal weight (Leather et al. 1998) , and adult longevity and fecundity (Leather et al. 1985 , Janz et al. 1994 . Previous research has shown elm spanworm fecundity (Drooz 1965b (Drooz , 1970 , body size (Drooz 1965a (Drooz , 1969 , and longevity (Drooz 1975) to vary considerably with respect to host tree species in the Appalachian region. Feeding preferences by the elm spanworm have been shown for hickories (Carya spp.), ash (Fraxinus spp.), and oaks (Quercus spp.) in the southern Appalachians (Ciesla 1964b , Fedde 1964 ; ash (Fraxinus spp.), hickory (Carya spp.), and walnut (Juglans spp.) in eastern North America (Fedde 1971) ; and black cherry (Prunus serotina), red maple (Acer rubrum), sugar maple (Acer saccharum), and American beech (Fagus grandifolia) in Pennsylvania (Morin et al. 2004) . Hence, increased survival and/or higher longevity and fecundity of survivors that developed on a given host resource may be a contributing factor to outbreaks of E. subsignarius populations. During 2002Ð2006, there was an unprecedented outbreak of E. subsignarius occurring in an urban forest environment in St. JohnÕs, Newfoundland, Canada. Complete defoliation of considerable numbers of urban shade trees occurred for 5 consecutive yr. Across the city of St. JohnÕs, a number of native and introduced tree species are common; however, the tree species composition in this urban environment is quite different from that of natural forests that were the focus of the above-mentioned studies. This outbreak is also occurring at a considerably higher latitude those studied previously. During the peak of outbreak of E. subsignarius in St. JohnÕs, a large number of different hardwood tree species were being used for feeding by larvae of this species. In particular, some tree species, such as sycamore maple, Acer pseudoplatanus (Leopoldii), were introduced to Newfoundland and have been planted extensively throughout the urban environment. It is unknown how these introduced tree species perform as hosts for the native elm spanworm. In addition, there are several native hardwood species located across the island of Newfoundland that may be at risk of defoliation by the elm spanworm. If these species are suitable hosts for E. subsignarius development, their presence may contribute to spreading the current outbreak beyond the borders of the urban environment of St. JohnÕs. Thus, the objective of this study was to assess elm spanworm larval survival and adult fecundity when feeding on a variety of native and introduced hardwood tree species using a no-choice laboratory experiment coupled with Þeld collection of pupae from various tree species. In addition, a Þeld survey of defoliation levels of different tree species around the city provided evidence of suitable hosts for the elm spanworm during the current outbreak.
Materials and Methods
Laboratory Rearing. Host Plants. The six tree species examined were sycamore and Norway maple [Acer pseudoplatanus and A. platanoides (Leopoldii), respectively], white and yellow birch (Betula papyrifera Marsh. and B. allegheniensis Britt., respectively), American elm (Ulmus americana L.), and balsam poplar (Populus balsamifera L.). Foliage was collected from trees growing with the city limits of Corner Brook, Newfoundland. Selection of these tree species was based on their importance as known hosts for the elm spanworm (maples and elms), their high abundance in the urban and forested environment (maples), and their unknown potential to support development of the spanworm (birch and poplar). Collected foliage was kept in cold storage (4ЊC) for a maximum of 7 d before being used. Additional foliage was regularly collected as needed.
Insects. The rearing experiment began in late June 2005 after emergence of the larvae in the Þeld. Elm spanworm neonate larvae in the outbreak population in St. JohnÕs, Newfoundland, were collected as they emerged. Larvae were placed in containers with foliage, which were placed within a cooler with ice packs and shipped by airplane to Corner Brook, Newfoundland. The E. subsignarius larvae were established on new foliage in the laboratory the same day or the following day. Only healthy active individual larvae were used for the rearing experiment.
Feeding Tests. A total of 390 E. subsignarius larvae were used in the laboratory bioassay. Larvae were randomly divided into six groups and reared through to the adult stage on the presumed different host species. Thirteen replicates per tree species were conducted using Þve larvae per replicate. Sections of foliage (Ϸ15 cm long) were used with the cut end of the foliage inserted into a Þlled 7.5-cm ßoral water tube. The foliage and the Þve larvae were placed inside 946-ml clear plastic containers with small holes punched in them to provide air. Containers were cleaned, and new foliage was provided regularly (approximately twice per week) throughout the larval feeding period. Larvae were kept in an incubator at 15ЊC, 75% RH, and 16:8 light:dark. On pupation, pupae were placed into individual containers, and their weight to the nearest 0.001 g was measured on the Þfth day after pupation.
To study fecundity, newly emerged E. subsignarius males and females that had fed on the same host tree species were paired. Pairs were kept in 448-ml plastic containers and supplied with Þlter paper, a few drops of sugar-water solution, and a strip of cheesecloth (4 by 10 cm) for oviposition (Drooz 1969) . Containers were examined daily for oviposition and mortality of adults. After both adults had died, the number of eggs laid by the female was counted.
Statistical Analysis. Mean E. subsignarius larval survival was calculated for each host tree species, as was female longevity and fecundity. The effects of host tree species on development time, longevity, and fecundity of E. subsignarius was studied for females using one-way analysis of variance (ANOVA). Also, differences in fecundity among tree species were analyzed using analysis of covariance (ANCOVA), with pupal weight as a covariate. Differences in means for each variable among host tree species were analyzed using TukeyÕs test when signiÞcant F values were obtained. Analyses were conducted using SPSS Version 14.0.
Field Collected. Host Plants. The eight tree species examined were sycamore and Norway maple (A. pseudoplatanus and A. platanoides, respectively), white birch (B. papyrifera), American elm (U. americana), purple beech (Fagus sylvatica purpurea L.), horse chestnut (Aesculus hippocastaneum L.), bur oak (Quercus macrocarpa Michx.) and linden (Tilia americana L.). Trees were growing within the city limits of St. JohnÕs, Newfoundland, in two different sites. Selection of these tree species was based on their use as hosts by the elm spanworm during the current outbreak.
Insects. Elm spanworm pupae were collected during 2005 from the outbreak population in St. JohnÕs, Newfoundland, from the two sites and eight tree species. Pupae were collected from the bole and lower branches of defoliated trees. Because these urban trees are generally widely spaced, open-grown trees (i.e., minimum 10 Ð15 m spacing among trees with little or no overlap among tree crowns), pupae were as-sumed to have completed development on that given tree. Pupae were placed within a cooler with ice packs for transportation to the laboratory. Each individual E. subsignarius pupa was placed into a rearing cup labeled with the site and tree species it was collected from. The weight of each pupa was not measured because its exact age was unknown.
As in the laboratory rearing component, to study fecundity, newly emerged E. subsignarius males and females that presumably had fed on the same host tree species were paired. Pairs were kept in 448-ml plastic containers and supplied with Þlter paper and a strip of cheesecloth (4 by 10 cm) for oviposition (Drooz 1969) . Containers were examined daily for oviposition and mortality of adults. After both adults had died, the number of eggs laid by the female was counted. Female longevity and fecundity was calculated for each host tree species.
Statistical Analysis. The effects of host tree species on pupal weight, longevity, and fecundity of E. subsignarius was studied using one-way ANOVA. Differences in means for each variable among host tree species were analyzed using TukeyÕs test where signiÞcant F-values were obtained. There were no differences in mean egg number per female between the two sites (P ϭ 0.633); hence, these were combined for analysis.
Field Survey. A survey of defoliation levels of trees located in two parks in St. JohnÕs, Newfoundland, was conducted in August 2005 after the majority of feeding had occurred. The two locations were Bannerman Park, which had experienced 3Ð 4 yr of considerable defoliation (Ͼ50%) by the elm spanworm, and Bowring Park, which was experiencing the Þrst year of defoliation by the elm spanworm in 2005. A total of 231 trees, undefoliated and defoliated, were included in the survey. The seven tree species examined were sycamore and Norway maple (A. pseudoplatanus and A. platanoides, respectively), white birch (B. papyrifera), American elm (U. americana), horse chesnut (A. hippocastaneum), poplar (P. balsamifera), and linden (T. americana). This represents the majority of trees located within these two parks that were in close proximity to the ongoing infestation (i.e., Ͻ100 m from an obviously infested tree) and were therefore considered to be available as potential hosts for females to choose for oviposition and for subsequent larval feeding. Defoliation by E. subsignarius was estimated as follows: 1, Ͻ25% defoliation; 2, 25Ð 49% defoliation; 3, 50 Ð74% defoliation; 4, 75Ð100% defoliation.
Statistical Analysis. Mean defoliation levels were calculated for each species. There were no signiÞcant differences between the two sites, so they were combined for analysis (P ϭ 0.963). The effects of host tree species on mean defoliation level caused by E. subsignarius was studied using Kruskal-Wallis one-way ANOVA on ranks, because data did not meet assumptions for parametric tests. Differences in means among host tree species were analyzed using DunnÕs method for multiple comparison tests because of unequal sample sizes.
Results
Laboratory Rearing. A total of 291 E. subsignarius larvae survived to emerge as adults for an overall survival rate of 75.6%. Percentage survival varied among groups of larvae from the different tree host species (Table 1 ). Higher survival rates occurred when larvae were fed Norway maple compared with elm. Mean female pupal weight differed signiÞcantly among tree species (F ϭ 16.538; df ϭ 5,108; P ϭ 0.0001; Table 1 ). Mean pupal weights were lowest on the two species of birch and intermediate on Norway maple and poplar compared with elm and sycamore maple. The duration of the female developmental period differed among the different host plant food sources (F ϭ 4.670; df ϭ 5,107; P ϭ 0.001; Table 1 ); female developmental period was slightly shorter on sycamore maple but slightly longer on yellow birch. Finally, longevity of females was consistent among all tree species (F ϭ 0.543; df ϭ 5,106; P ϭ 0.668; Table 1 ). Mean number of eggs oviposited differed signiÞcantly among tree species (F ϭ 3.056; df ϭ 5,108; P ϭ 0.013; Table 1 ). SigniÞcantly higher numbers of eggs were laid after feeding on elm compared with poplar or yellow birch. However, when pupal weight was included in the analysis, the difference in number of eggs was explained by female pupal weight (F ϭ 4.461; df ϭ 1,102; P ϭ 0.037) and not by host species per se (F ϭ 0.519; df ϭ 5,102; P ϭ 0.761; Fig. 1 , all six host species combined).
Field Collected. Longevity of E. subsignarius females was consistent among pupae collected from all tree species in the Þeld collection (F ϭ 1.885; df ϭ 7,328; P ϭ 0.071; Table 2 ). Mean number of eggs oviposited differed signiÞcantly among tree species from the Þeld-collected pupae (F ϭ 5.525; df ϭ 7,328; P ϭ 0.0001; Table 2 ); more eggs were oviposited by 
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females that had fed on sycamore maple compared with linden, oak, birch, elm, and horse chesnut. Similar numbers of eggs were laid after feeding on Norway maple compared with sycamore maple. Because pupal weights were not measured, the relationship between weight and female fecundity could not be analyzed for the Þeld-collected females. Field Survey. Mean defoliation levels by E. subsignarius differed signiÞcantly among the tree species observed (H ϭ 103.72; df ϭ 7; P ϭ 0.0001; Table 3 ). The highest levels of defoliation were observed on linden and sycamore maple compared with the remaining species with the lowest levels of defoliation on ash and poplar.
Discussion
Ennomos subsignarius, a generalist species, was able to complete development and successfully mate and oviposit after feeding on a wide variety of tree genera in this laboratory-and Þeld-based study. Survival of E. subsignarius larvae through to pupation was high on all tree species in the no-choice experiment. This showed the ability of E. subsignarius to successfully develop on a number of native and non-native hardwood species present both within the urban environment and across the island of Newfoundland. This generalist species has previously been reported to feed on at least eight different genera of trees (Ciesla 1964a , Fedde 1964 , Morin et al. 2004 ). These previous studies on E. subsignarius, however, have focused on native tree species only. Both sycamore maple, Acer pseudoplatanus, native to northern Europe, and Norway maple, A. platanoides, native to central and eastern Europe, are popular for use as urban trees in North America. This is the Þrst report of the ability and performance of E. subsignarius to feed on these exotic tree species.
The performance of E. subsignarius was inßuenced considerably by larval food source. Overall, based on the laboratory rearing results, the highest E. subsignarius pupal weights and fecundity were obtained after feeding on elm. Field-based collections indicated the highest fecundity occurred after feeding on Norway and sycamore maple. In terms of feeding occurrence, the highest levels of defoliation by E. subsignarius were on linden and sycamore maple in the urban areas affected by the outbreak. This Þnding is in contrast to a previous study (Fedde 1964) in the southern Appalachian region, where Tilia spp. were listed as unfavored for attack by spanworm larvae. No previous information was available to the authorÕs knowledge on the suitability of sycamore maple as a host for the elm spanworm. Overall, the results of this study showing the high levels of defoliation and high fecundity associated with sycamore maple, an abundant tree species in St. JohnÕs, suggest its importance as a host and in contributing to the current outbreak.
Pupal weight is often an indicator of female fecundity in Lepidoptera and, in this study, E. subsignarius pupal weight varied signiÞcantly dependent on larval host plant species. Overall, mean pupal weights varied from 163 to 248 mg for females reared on yellow birch and elm, respectively. My results are supported by previous studies that also found pupal weight to vary with host tree for E. subsignarius. For example, female pupal weight ranged from 173 to 376 mg (Drooz 1970) and from 87 to 344 mg (Drooz 1965a (Drooz ,b, 1971 , signiÞcantly varying with larval diet (lowest on oaks and highest on pignut hickory). The previous reports of pupal weights are slightly higher on average than those in this study. It is possible that some laboratory condition was suboptimal for larval development and pupation, resulting in the smaller pupae compared with previous studies; however, the high level of Fig. 1 . Increase in mean number of eggs oviposited with increasing female pupal weight (g) pooled for females reared from six species of larval host plant (N ϭ 114 females). Means within each column followed by the same letter are not signiÞcantly different based on a TukeyÕs test at P Ͻ 0.05. Means within each column followed by the same letter are not signiÞcantly different based on a TukeyÕs test at P Ͻ 0.05.
a Defoliation value based on categories: 1 (Ͻ25% defoliation), 2 (25Ð 49% defoliation), 3 (50 Ð74% defoliation), and 4 (Ն75% defoliation).
survival through to pupation suggests that laboratory conditions were not a major issue. Alternatively, pupal weights have been reported to vary dependent on the stage of insect outbreak; for example, Klemola et al. (2004) reported that pupal size and fecundity of the autumnal moth, Epirrita autumnata, decreased during the increase phase of an outbreak. Hence, one alternative explanation for the smaller sized pupae in our study may be because of the ongoing infestation that was, at minimum, in its fourth or Þfth year at the time of the study. Finally, Tikkanen et al. (2000) reported that feeding on suboptimal host tree species signiÞcantly inßu-enced the mean pupal weight of another eruptive generalist species, the winter moth, Operophtera brumata L. (Lepidoptera: Geometridae). It is possible that the tree species used in this study were suitable, but suboptimal, hosts compared with tree species found in a more natural forest habitat environment.
Previous studies have reported longer developmental periods when feeding on suboptimal food resources (Tikkanen et al. 2000) . The slightly longer development period when feeding on yellow birch may be an indication of the low suitability of this tree species as a host for E. subsignarius. In two previous studies, E. subsignarius development time (hatch to pupation) was signiÞcantly affected by tree species, ranging from 18 to 25 d for males and 20 ot 27 d for females (Drooz 1970 ) and 29 to 37 d for males and 30 to 40 d for females (Drooz 1971) , comparing hickory to red oak in both studies. The difference in development time in my study was a maximum of 5 d, however, which is less than that reported by the earlier studies of Drooz. The exact length of the developmental period in the other studies is not quantitatively comparable to the results of this study because of differences in temperature conditions during rearing and the use of neonate larvae in this study. However, the relative differences among host species remain important. Longevity of adult E. subsignarius moths varied only slightly among host tree species in this study, surviving for 6Ð7 d from the Þeld and laboratory rearing, respectively. In contrast, longevity ranged from 5 to 9 d in a previous study and was signiÞcantly affected by larval diet (Drooz 1975) . Different tree species (oak and hickory) were studied in Drooz (1975) compared with this study; perhaps those tree species differed more in their quality as larval host plant for E. subsignarius than do the focal species in this study. Overall, adults survived long enough on all species for mating and oviposition to successfully occur.
Female pupal size was a predictor of E. subsignarius adult fecundity in this study based on the laboratory results. Similarly, Drooz (1965a, b) found a signiÞcant positive relationship between E. subsignarius female pupal weight and egg potential (r ϭ 0.9). There was more variability in fecundity for a given pupal size in my study compared with Drooz (1965a, b) , although the relationship was similar among the host species. Differences in female pupal size were directly related to larval host plant, thus affecting female fecundity. Larval host plant has previously been shown to affect female fecundity for other Lepidoptera (Janz et al. 1994) . During rearing in the laboratory, the number of eggs laid by females ranged from a low of 78 after feeding on yellow birch to a high of 149 eggs after feeding on elm. From the Þeld, 85 eggs were oviposited after feeding on oak ranging up to 135 eggs after feeding on sycamore maple. Overall, females from elm, sycamore maple, and Norway maple were the heaviest and thus laid the highest number of eggs.
Despite the ability of E. subsignarius to complete development on birch and poplar as based on these results from the laboratory rearing, the Þeld survey for defoliation showed very low levels of feeding on these tree species. Only very low levels of defoliation were observed on ash, birch, and poplars that were examined in the survey, even though these trees were located in close proximity to high densities of E. subsignarius larvae and heavily defoliated trees. Similarly, Fedde (1964) reported Betula spp. to be unfavored for defoliation during E. subsignarius outbreaks in the southern Appalachian region. In contrast, previous reports listed ash as a preferred host for feeding by E. subsignarius (Fedde 1971 ) and ash, oak, and hickory as preferred hosts for oviposition (Kaya and Anderson 1973) in eastern North America. Feeding on less-suitable hosts in Newfoundland may only take place by late-instar larvae after causing complete or extensive defoliation on more-preferred hosts, similar to that reported for some species in Fedde (1964) . Further testing is necessary to determine whether E. subsignarius would use these native hardwood species in areas where more suitable hosts were not available.
Increased fecundity does not seem to be a causal factor in this outbreak, in contrast to the original hypothesis. Values for number of eggs laid per E. subsignarius female were lower overall compared with previous reports. For example, in two previous studies, fecundity of elm spanworm after feeding on red oak compared with pignut hickory ranged from 129 to 344 eggs (Drooz 1970) , 79 to 305 eggs (Drooz 1971) , and 121 to 251 eggs per female (Drooz 1965a, b) , respectively. Other possible factors that may have contributed to the current outbreak could include increased juvenile survival caused by the advanced age of many of the trees present in this historical city (personal observation). Increased densities, higher survival, and/or higher pupal weights have been reported before for insects feeding on mature versus young trees (Kearsley and Whitman 1989, Bauce et al. 1994) . Another precipitating factor may have been the occurrence of severe drought conditions in the year or two before the current outbreak (D. Evans, personal communication prolonged drought or chronically poor soil conditions can beneÞt insect performance (Thomas and Hodkinson 1991, Mopper and Whitham 1992) , depending on the intensity and duration of stress (Rouault et al. 2006 , Mody et al. 2009 ). In St. JohnÕs, the severe and prolonged drought conditions may have lowered tree defenses or increased the nutritional status of the leaves, thus possibly allowing endemic populations of E. subsignarius to begin to increase. Finally, although natural enemies, particularly egg parasitoids, have been considered to be a regulating factor in other E. subsignarius outbreaks (Kaya and Anderson 1974) , data suggest that these parasitoids are either nonexistent or in extremely low numbers in St. JohnÕs (Fry 2004) . Thus, another likely contributing factor behind the outbreak in St. JohnÕs is this lack of key mortality factor, the egg parasitoids, in an area where the elm spanworm is able to successfully develop on a variety of native and introduced host trees.
In conclusion, my results clearly show the ability of E. subsignarius to develop successfully on a number of native and exotic host tree species present in the city of St. JohnÕs, Newfoundland. In contrast to my original hypothesis, however, it does not seem that increased fecundity levels on these novels hosts was a causal factor behind this unprecedented outbreak.
